Two isozymes of 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthase, denoted DS-Mn and DS-Co, were identified following DEAE-cellulose chromatography of crude extracts prepared from suspension-cultured cells of Nicotiana silvestris. The strikingly different properties of the isozymes allowed the development of assays for the selective detection of either isozyme in samples containing a mixture of the two. The DS-Mn isozyme required the sulfhydryl reductant, dithiothreitol, for activity and was stimulated by manganese. Activation by dithiothreitol was slow relative to catalysis, accounting for a hysteretic progress curve that was observed when reactions were started with inactive enzyme. The DS-Co isozyme was inhibited by dithiothreitol and required a divalent cation for activity. At optimal cation concentrations of 10 millimolar (magnesium), 0.5 millimolar (cobalt), and 0.5 millimolar (manganese), relative activities obtained were 100, 85, and 20, respectively. The substrate saturation curves with respect to erythrose 4-phosphate differed markedly when the two isozymes were compared. As little as 0.5 millimolar erythrose 4-phosphate saturated DS-Mn, whereas a 10-fold higher concentration was needed for saturation of DS-Co. The pH optimum of DS-Mn was 8.0, while that of the DS-Co isozyme was 8.6. Leaves of both N. silvestris and spinach also exhibited the DS-Mn/ DS-Co isozyme arrangement, and the subcellular location of DS-Mn was shown to be the chloroplast compartment. By application of the differential assays for DAHP synthase isozymes, various monocotyledonous and dicotyledonous plants yielded data indicating the general presence of the DS-Mn/DS-Co isozyme pair in higher plants.
biosynthesis and the separate subcellular location of such isozymes is just developing (16, 17) . The best studied example is chorismate mutase, shown in Nicotiana silvestris to exist as two isozymes (11, 12) : an allosterically controlled species (CM-1) being located in plastids and an unregulated species (CM-2) being located in the cytosol (7) . Two isozymes of DAHP synthase were identified in Vigna radiata (23, 24) , and were denoted DAHP synthase-Mn (stimulated by, but not requiring Mn) and DAHP synthase-Co (requiring Co, Mg, or Mn for activity). This pair of DAHP synthase isozymes was also isolated from leaves of N. silvestris (9) . When assay conditions were optimized for either isozyme, the activity of the remaining isozyme was barely detectable.
The markedly distinct properties of DS-Mn and DS-Co from N. silvestris have been exploited to define assay conditions for exclusive assay of either one of the two isozymes in mixtures. A reliable methodology to discriminate DAHP synthase isozymes in crude extracts is particularly valuable for subcellular localization studies as well as assessment of the variation in isozyme levels in response to developmental and regulatory changes. Although DAHP synthase from a variety of plants has been studied (14, 15, (20) (21) (22) 26) , particular assay conditions employed would have favored in most or all cases the detection of only DS-Mn (most often) or of only DS-Co. It appears that the isozyme pair of DS-Mn and DS-Co, spatially separated in different subcellular compartments, may be a conservative biochemical feature of higher plant cells-similar to the differentially compartmented isozyme pairs that make up duplicate pathways of carbohydrate metabolism (13) .
MATERIALS AND METHODS
DAHP2 synthase (EC 4.1.2.15) carries out the first catalytic step that is committed to formation ofan initial precursor unique to the ultimate biosynthesis of the aromatic amino acids (Lphenylalanine, L-tyrosine, and L-tryptophan), a number of vitamin-like end products, and a host of other natural products in higher plants (10) . The shikimate pathway interfaces with carbohydrate metabolism through the action of DAHP synthase which competes with other enzymes that utilize PEP or E4P.
A background of information about possible isozyme species corresponding to each catalytic step participating in aromatic Cell Culture Procedures. A cell line designated ANS-1 (12) , originally derived from a haploid plant of N. silvestris, was maintained in suspension culture. Cells were harvested at the indicated physiological stages ofgrowth by vacuum filtration and then washed with 3% (w/v) mannitol. The resulting cell pack was quickly frozen in liquid N2 and stored at -80°C.
Growth of N. silvestris Plants. Diploid N. silvestris plants were raised in a growth chamber under the following conditions: photoperiod, 12 h L: 12 h D; photosynthetic photon flux density, 175 ,E/mi2s from fluorescent tubes; RH, 50 to 75%; temperature, 25°C during the L period and 20°C during the D period. N. silvestris plants grown on this regimen do not flower and grow rapidly to form a broad, nearly flat, rosette-shaped plant. Seeds were first germinated on 1 % agar plates, then transferred in groups of 2 to 4 to the surface of hydrated peat-pellets in 6.5-cm deep trays sealed with plastic wrap, and covered with 2 layers of cheesecloth. After 3 to 4 weeks of growth, seedlings contained 2 to 3 sets of leaves and were thinned to 1 (27) as adapted by Srinivasan and Sprinson (25) . The A at 549 nm was measured in a thermostatically controlled autosampler cuvette set at 60°C. Chl and marker enzymes for plastid (nitrite reductase), cytosolic (nitrate reductase), microbody (catalase), and mitochondrial (fumarase) compartments were assayed as previously described (7) . Protein concentrations were determined by the method of Bradford (4) unless DTT was present in the assay mixture, and this activity was further stimulated by manganese. The pH optimum for catalysis was 8.0. 2-Mercaptoethanol in the range of 1 to 10 mm could not substitute for DTT. Activation by DTT was slow relative to catalysis, thereby being the basis for the hysteretic (8) behavior of the enzyme. The enzyme could be activated prior to assay by incubation with DTT in the assay mixture lacking E4P (Fig. 2) , thus eliminating the hysteresis. The pH optimum for activated enzyme preparations was between 7.0 and 7.5, 80% as much activity being found at pH 8.0. When reactions were started by addition of inactive enzyme, the pH optimum for catalysis was 8.0.
The effect of protein concentration on the degree of hysteresis displayed by DS-Mn in crude extracts was examined and is shown in Figure 3A . As the protein concentration in the assay mixture was increased, the lag-time before attainment of full activation decreased. Figure 3B shows the effect of hysteresis upon the reaction velocity versus protein concentration plot. Steady-state velocities obtained from the slopes of the linear portions of the progress curves yielded a plot that was linear and extrapolated to the origin as predicted by conventional enzyme kinetics. Velocities estimated from the standard 20-min assay yielded a plot that was also linear but that extrapolated to the abscissa. Hence, estimates of specific activity were made by plotting the slopes of linear portions of progress curves obtained at three or more protein concentrations.
The ability of sulfhydryl-blocking reagents to inactivate the DTT-activated DS-Mn was examined, and the effect of iodoacetamide addition is presented in distilled H20 was added to the control. Within 2 min after addition of iodoacetamide, the reaction velocity decreased markedly and was nearly completely abolished after 15 min. The control reaction continued at a linear rate throughout the duration of the experiment. Under DS-Mn reaction conditions (pH 8.0), iodoacetamide is specific for sulfhydryl groups. This suggests that the DTT-activated DS-Mn can be inactivated by the covalent modification of one or more regulatory sulfhydryl groups that are essential for activity.
The substrate saturation curve of DS-Mn for E4P is shown in Figure 5 . Optimal activities were obtained in the range of 0.5 to 1.0 mm, with substrate inhibition occurring at higher concentrations. The substrate saturation curve of DS-Mn for PEP was first-order, saturating at about 2.5 mM PEP (data not shown).
DAHP Synthase-Co. The second isozyme of DAHP synthase, eluting (Fig. I) Figure 6 . The results illustrate a broad specificity for divalent-cation activators that has not been fully appreciated previously with respect to DS-Co (24 MINUTES REACTION TIME (Fig. 7) than required by DS-Mn (Fig. 5) 0.6 mM E4P, 0.5 mM MnCl2, and 0.5 mm DTT. For the selective detection of DS-Co, an assay mixture of the following composition was used: 50 mM K Epps (pH 8.6), 2 mM PEP, 6 mm E4P, and either 10 mM MgCl2 or 0.5 mM CoCl2. Subcellular Location of DS-Mn and DS-Co. Table II shows the relative proportions of the two DAHP synthase isozymes in whole leaf extracts from tobacco and spinach as revealed by the differential assay. The activity of DS-Co exceeded that of DSMn by a factor of 9 for N. silvestris and by a factor of 6 for spinach. In contrast, activity in chloroplast stromal extracts was exclusively that of DS-Mn. Activity of the cytosolic marker enzyme, nitrate reductase, indicated less than 2% contamination ofthe N. silvestris chloroplasts. These chloroplasts also contained a plastid isozyme of chorismate mutase (specific activity = 8.6 nmol/min -mg protein) that was determined to be virtually free of contamination by a second, cytosolic isozyme of chorismate mutase. The chorismate mutase isozymes were discriminated by means of an analysis of sensitivity to inhibition by L-tyrosine (7).
In a separate experiment, chloroplasts prepared in this manner were further purified by sucrose density gradient centrifugation which provided a clean separation of intact from broken chloroplasts (Fig. 8) . A single gradient yielded 1.35 ml of purified chloroplasts with a Chl content of 0.445 mg/ml (40% of total) and 1.45 ml of broken chloroplasts with a Chl content of 0.632 mg/ml. Lysed chloroplasts yielded extracts with protein contents of 1.93 mg protein/mg of Chl from intact plastids and 0.55 mg protein/mg of Chl from the broken plastids. Approximately 1 1% of the total chloroplasts remained intact during purification, and these possessed less tha 0.4% of the cytosolic marker (nitrate reductase), only 0.12% of the microbody marker (catalase), and Desalted extracts from broken and intact chloroplasts were assayed for DAHP synthase isozymes using the selective assay protocols. Activity of isozyme DS-Mn was found only in the extract from intact chloroplasts at a specific activity of 9.6 Table III . In all cases the highest activity was observed for isozyme DS-Co, ranging from specific activities of 6.8 nmol/ min * mg protein for broccoli floret to 60.9 nmol/min * mg protein for rye seedlings. Since isozyme DS-Co is easiest to assay unambiguously in mixtures and since it inevitably yields higher specific activities than DS-Mn, it is striking that only DS-Mn has been recognized in a number of studies (15, 26) .
The activity measured under assay-Mn conditions, but in the absence of DTT, undoubtedly is produced by isozyme DS-Co. Consistent with results obtained from partially purified DS-Co of V. radiata or N. silvestris, this residual activity of DS-Co (column 2, Table III) is only 0 to 3% of the full DS-Co activity (column 1, Table III 24 27 Ve (ml) were shown to contain both DAHP synthase isozymes. Highly purified chloroplasts contained only the DTT-activated DS-Mn. Although attempts to demonstrate light activation of DS-Mn in leaves and in isolated chloroplasts have so far yielded erratic results, it seems reasonable to consider the possibility further that this isozyme may resemble redox-activated regulatory enzymes of the Calvin cycle (5) that are switched on during illumination with light. Thus, the activity of DS-Mn might be coordinated with the production of E4P by photosynthesis.
One striking property of DS-Mn was the hysteretic activation by DTT. The DTT-mediated conversion from inactive to active enzyme was found to be a slow process effected by protein concentration. That this phenomenon truly reflected hysteretic activation (i.e. slow transition to activated state in response to ligand addition) was confirmed by the ability to activate the enzyme prior to assay, thus eliminating the lag otherwise seen in the progress curve. The mode of action of DTT activation appeared to be the reduction of one or more disulfide bonds on the DS-Mn protein since the fully activated enzyme could be completely inactivated by the sulfhydryl-blocking reagent, iodoacetamide. Although the hysteretic effect of DTT upon mung bean DS-Mn was not fully appreciated by Rubin and Jensen (24) , unpublished data (JL Rubin) indicate that DS-Mn of mung bean does indeed exhibit hysteretic behavior in response to DTT similar to the DS-Mn of N. silvestris.
The selective assays developed through characterization of partially purified isozymes prepared from mung bean (24) and from suspension-cultured cells of N. silvestris have proven useful for application to identification of the isozyme pair in various other plants. The remarkable similarity of the distinctive properties of the DAHP synthase isozymes from N. silvestris to those present in mung bean (24) , spinach, and plants listed in Table  III indicate the probable ubiquity of this isozyme pair in higher plants.
